Spectroscopic investigations are made on expanding plasma plumes created by a 20 ns, 3 J laser pulse impinging perpendicularly onto targets of boron, boron carbide and boron nitride. The characterization of the plasma plumes is carried out spectroscopically in the wavelength range from 30 to 330 Å, and by taking pinhole pictures at shorter wavelengths. The experimental results are compared with the plasma plume produced from different targets under the same experimental conditions. The calculated plasma temperatures are 50 eV and 30 eV at 1 mm from the target in the cases of boron and boron carbide targets, respectively. Electron temperature measurements were made as a function of laser irradiance, distance from the target surface and time elapsed after the maximum of the laser pulse.
Introduction
When a high-power laser beam is focused onto a solid surface, it can cause the removal of material by melting, vaporization, sublimation and a number of nonlinear processes. Generally, the expression 'laser ablation' is used to identify the overall interaction. Laser ablation offers several attractive features for chemical analysis: direct analysis of conductive and non-conductive solid materials, localized micro-analysis and minimal sample preparation. The high-power laser material interaction initiates a luminous plasma above the solid surface. Compositional analysis of the sample can be obtained directly by measuring the optical emission spectra of the laserinduced plasma (LIP). The characteristics of the plasma are dependent on laser irradiance, target composition, atmospheric conditions and time [1, 2] . The continuum plasma emission background results from free-free or free-bound transitions through electron-ion recombination [3, 4] . The process of material removal by nanosecond laser radiation has many applications. These include hole drilling [5] [6] [7] , pulsed laser deposition [8] , and matrix-assisted laser deposition/ionization [9, 10] . For constant pulse duration, the volume V of material removed per laser pulse is a function of laser power density 1 Permanent address: Physics Department, Faculty of Science, New Demietta, Mansoura University, Egypt.
and can be expressed in the form [11] V = α n (1) where α is a constant of proportionality and the exponent n depends on the material under investigation.
In a recent article [12] , we reported spectroscopic investigations of laser-produced plasmas from boron nitride targets. For pulsed lasers of nanosecond duration, boron nitride has a high mass ablation rate for intermediate fluences of the order of 1 kJ cm −2 , and hence investigations of plasma as a function of the drilled hole are readily performed. From pinhole pictures we were able to show that the generally found statement that laser-produced plasmas emanate perpendicularly to the surface holds only for fresh targets; holes are drilled in the direction of the incident laser and, with the increasing depth of the hole, the emitted plasma plume turns into the direction of the laser beam in the cases of tilted angles of incidence. The electron temperature of the expanding plasma plume is derived by employing local thermodynamic equilibrium (LTE) relations to BIV and NV. We concluded that the temperature of the plasmas are independent of the angle of incidence and that in a drilled hole the heating of the plasma occurs near the surface at the bottom of the hole. This paper reports on the spectroscopic measurements of the expanding plasma plume using boron and boron carbide targets. The emitted spectra are studied in the wavelength range from 30 to 300 Å at a distance 1 mm from the target surface in both cases. The emitted lines are identified and are compared with those obtained for boron nitride in that wavelength range. Electron temperature measurements are made with respect to the laser irradiance and the time elapsed after the maximum of the laser pulse.
Experimental set-up
A pulse from a ruby laser (3 J, 20 ns) is used to generate a boron and a boron carbide plasma plume in the intermediate fluence range at about 1 kJ cm −2 (irradiance ≈ 80 GW cm −2 ). The laser beam was focused by using a plano-convex lens with a focal length f = 300 mm. The focal spot size was 500 µm. The emitted spectra are recorded using a flat-field grazing incidence spectrograph in the wavelength range 30 to 330 Å. Details of the experimental set-up are given elsewhere [12, 13] . Boron, boron carbide and boron nitride slabs are used as targets. To provide spatial resolution, we employed a goldcoated spherical mirror, with a 4 m radius of curvature and a diameter of 50 mm, to image the emitted radiation onto the entrance slit (10 µm width) of an XUV spectrograph. The distances x 1 (plasma-mirror) and x 2 (mirror-slit) are given by the relation 1
where is the angle between the mirror normal and the mirror plasma axes. For efficient reflectivity, an angle of = 86
• was chosen and the mirror was placed equidistant between the plasma and the entrance slit. A spatial resolution of at least 300 µm in the direction of the laser beam was measured for a similar mirror arrangement [14] . An XUV pinhole camera was used to study the expansion of the plasma plume in both cases. The pinhole is a square, each side 100 µm in length, and it is covered with an aluminium filter of 0.2 µm thickness. Thus, only radiation below about 80 nm is transmitted. In the image plane, a microchannel plate (MCP) detector converts the image at its exit side to visible radiation, and by high-aperture objectives this image is focused onto a CCD camera.
Results and discussion

Pinhole measurements
Intensities of spectral lines, background continuum intensity and the excitation temperature are important characteristics of laser-produced plasmas for analytical applications. Here we report on investigations of the plasma plume when the laser beam impinges perpendicularly onto boron and boron carbide targets. The expanding plasma plumes are compared with those emitted from boron nitride. The time-integrated pinhole images of figure 1 illustrate the comparison. These show the plasmas emitted, after one laser shot onto a fresh position of the target surface, from: (a) boron nitride (density of 1.9 g cm −3 ); (b) boron carbide (density of 2.52 g cm −3 ); and (c) boron (density of 2.34 g cm −3 ). In order to compare the overall intensity of the plasma plume from different targets, we plotted three-dimensional (3D) intensity plots of the plume. A bar diagram in figure 1(d) shows the overall intensity of the plasma plume taken from the 3D plots. In the case of the boron nitride target, the length of the expanding plume is much longer than that in the case of pure boron and boron carbide. This is because boron as a target is much harder than boron nitride and the evaporated mass of boron nitride is much higher than that of boron or boron carbide. The plume of boron nitride is also narrower, which is very likely due to the effective hole drilling.
In figure 2 we show, for comparison, a series of pinhole images as a function of the number of laser pulses in the cases of boron nitride (hardness of 205) and boron carbide (hardness of 3200) targets. We represent the expanded plasma plume in both cases (a) after one laser shot, (b) after ten laser shots at the same target position and (c) after fifteen laser shots. In the case of boron carbide, the drilling is negligibly small even after the first ten laser shots in contrast to the case of boron nitride, where we measured a hole with a depth of 1.2 mm after the first ten laser pulses onto the same position of the target. We also see in figure 2 that the length of the expanding plume does not change much in the case of the boron carbide target while it becomes shorter in the case of boron nitride. After fifteen laser pulses, the hole depth increased to 1.6 mm with boron nitride, and we noticed some drilling effect in the surface of boron carbide to a depth of ∼0.4 mm. Angleround et al [15] studied the expansion of the plume created by UV laser irradiation of various targets under typical conditions of pulsed laser deposition. They noted that the expansion of the plume is greatly affected by the laser power density at the target surface at ambient gas pressure. They also showed that the evolution of velocity and kinetic energy of the ejected species are mass dependent.
XUV spectroscopic measurements
The emission spectra from boron and boron carbide were investigated, and the emitted lines were identified in the wavelength range from 30 to 330 Å. The recorded spectra are compared with the respective spectra from boron nitride. Figures 3(a) and 3(b) show, for example, spectra obtained with one laser shot onto a new target surface for boron carbide and for boron at normal incidence of the laser in the wavelength range 30 to 160 Å, compared with the emitted spectrum of boron nitride in the same wavelength region at the same experimental conditions ( figure 3(c) ). The spectra are recorded at 1 mm from the target surface at a laser irradiance of 80 GW cm −2 in the time-integrated manner. The lines identified belong to the hydrogen-like and helium-like ionization stage of boron (BV and BIV). Also, we detected the resonance line of helium-like CV at 40.27 Å which is surprisingly weak in comparison to the boron lines in boron carbide plasma.
The temperature is an important parameter and it needs to be known. As discussed in a previous publication [12] , we derived this from the intensity ratio of the lines 3p 1s → 1s 2 and 4p 1s → 1s 2 at 52.685 Å and 50.34 Å of helium-like BIV. The consideration of LTE and optical depths made there also apply in this paper. The temperature is 50 eV for the plasma at a distance 1 mm from the target surface for pure boron, i.e. nearly identical to that for the plasma plume from boron nitride. Surprisingly, however, it is only 30 eV for the boron carbide plasma at the same experimental conditions. This reveals that the plasma plume generated from boron carbide is considerably colder than the plasma plume generated from boron or boron nitride, and this provides the explanation why the strong carbon Lyman-α line at the wavelength 33.736 Å (CVI (2p → 1s)) is not detected and the CV resonance line of 40.27 Å is barely seen. The low reflectivity of the concave mirror at those wavelengths is certainly not helpful either.
The laser-produced plasma initially represents a heated high-pressure gas in a region of small dimensions, which later on is allowed sudden expansion into the surrounding vacuum. On a new target, plasma expansion is always found to be in the direction perpendicular to the target surface, irrespective of the angle of incidence of the laser beam. Measurements were performed on boron nitride plasmas at different distances from the target surfaces at a laser irradiance of 80 GW cm −2 . When the laser beam is focused onto a boron nitride target, which is placed in a vacuum, rapid expansion takes place due to density gradients in the plasma. The electron temperature of the laser-produced plasma was estimated here for distances up to 6 mm from the target surface in the time-integrated manner. The spatial dependence of the temperature of the boron nitride plasma is given in figure 5 . The temperature decreases with the distance from the target; it drops from 46 eV at 1 mm to 20 eV at 6 mm from the surface of the target. The temporal evolution of the electron temperature and electron density are of prime importance, since many kinetic reaction rates depend directly or indirectly on these parameters. We studied temporal variation of the electron temperature with an integration time of 10 ns. In our experimental investigation of the temporal evolution of the plasma temperature of lasergenerated boron nitride plasmas carried out at a distance of 1 mm from the target surface at a laser irradiance of about 80 GW cm −2 , we noted that in the early stage of the plasma evolution from t = 20-30 ns the plasma electron temperature increased from 27 eV to 50 eV and within the interval 30-60 ns it dropped from 50 eV to 30 eV, as shown in figure 5 . Initially the plasma expands isothermally within the time of the duration of the laser pulse. After the termination of the laser pulse, the plasma expands adiabatically. During this expansion the thermal energy is converted into kinetic energy and the plasma cools down rapidly [16] .
The nature and characteristics of a laser-produced plasma depend strongly on the laser irradiance. Figure 6 shows the variation of the plasma temperature of laser-produced boron nitride plasmas with respect to the laser irradiance. Measurements were carried out at a distance of 1 mm from the target surface. Time-integrated line intensities were used for these calculations, as presented in the preceding section. As the laser irradiance increases from 76 to 140 GW cm −2 , the plasma temperature increases from 25 to 55 eV and shows a tendency to saturate at higher irradiance levels. This effect is very likely due to shielding at high densities close to the target surface. The saturation in electron temperature with laser irradiance is also observed in excimer laser-produced Al plasma [17] and Nd-YAG-produced carbon plasmas [2] . Our results are also in good agreement with theoretical predictions for the temperature with its fluence dependence [18] .
For a penetration of the incident laser beam into the plasma, and hence an energy deposition into the plasma, the plasma frequency given by ν p = 8.9 × 10 3 n 0.5 e should be lower than the laser frequency. For a ruby laser (λ = 694.3 nm) the laser frequency corresponds to 4.5 × 10 14 s −1 , and the critical electron density for reflection of the beam by the plasma is found to be 1.2 × 10 22 cm −3 [16] . This critical electron density value is close to the concentration of atoms present in a solid or liquid. Calculations show that with n e ∼ 10 19 cm −3 , ν p = 2.85×10 13 s −1 which is smaller than the laser frequency. So the energy losses due to the reflection of the ruby laser beam by the plasma can be assumed to be insignificant in the present context.
The absorption would occur by an inverse bremsstrahlung process, which involves the absorption of a photon by a free electron. However, during the initial stages of the laser pulse when very low electron and ion densities and a large number of neutral atoms are present, free-free transitions involving neutral atoms may provide the primary absorption mechanism. With a slight increase of the ion density, free-free transitions involving ions take over and become the dominant mechanism for laser absorption. The absorption coefficient α p (cm −1 ) of the plasma for free-free transitions involving ions can be expressed as [16] 
where Z, n i and T are the average charge, ion density and temperature of the plasma, respectively, and h, k and ν are the Planck constant, Boltzmann constant and frequency of the laser light, respectively. The laser energy is highly absorbed if (α p X) is large, where X is the dimension perpendicular to the target of the expanding plasma. This equation shows that the absorption coefficient of the plasma is proportional to n 2 i and λ 3 (where λ is the laser wavelength). Thus, the plasma absorbs the incident laser radiation only at a distance very close to the target where the density of the ionized species is high. The term 1 − exp(−hν/kT ) represents the losses due to stimulated emission. This loss term is dependent on the plasma temperature and also on the laser wavelength.
Conclusions
In this paper, we have reported on the study of the plasma plume formed during the interaction of a ruby laser pulse with boron and boron carbide targets. The expanding hot plasma plumes are compared with the plasma emitted from boron nitride targets. It is noted that the length of the plasma plume is much greater for a BN target compared to B or B 4 C. This is because of the lower density/hardness of BN with respect to B or B 4 C. The temperature was deduced from spectral data and is found to increase with time initially and then decrease at a later time. Saturation in the electron temperature at high irradiance levels is observed.
